ABSTRACT Ribosome releasing factor (RR factor) releases ribosomes from mRNA at the termination codon in Escherichia coli. In the absence of this factor, polypeptides with molecular weights very close to the molecular weight of bacteriophage R17 coat protein were synthesized in vitro under the direction of a mutant R17 phage RNA having an amber mutation at codon 7 of the coat cistron. The major coat-protein-like product shared all the R17 coat protein sequence except that the seven NH2-terminal amino acids were missing. The minor product had the complete coat protein sequence starting from formylmethionine except for a probable amino acid substitution at codon 7 (UAG). Addition of RR factor inhibited the synthesis of the major protein. These results indicate that, in the absence of RR factor, the ribosome that has released the NH2-terminal hexapeptide at the amber codon stays on the mRNA and subsequently reinitiates translation "in phase" immediately after the amber codon without formylmethionine.
A mutant R17 phage amB2 has an amber mutation at the seventh triplet of the coat cistron (1) , and suppressor tRNA is needed to produce complete coat protein. In the absence of suppressor tRNA, this amB2 R17 RNA directs synthesis of only NH2-terminal hexapeptide proximal to the amber codon besides the polypeptides coded for by the other genes. The hexapeptide is released from the ribosome-amB2 R17 RNA complex by termination factors (2) (3) (4) (5) and possibly by an additional factor called "rescue factor" (6) . Subsequently, ribosome-releasing factor (RR factor) releases ribosomes from mRNA at the amber codon (7) (8) (9) . In the absence ofthis factor, this mutant RNA is translated even without suppressor tRNA (8, 9) , leading to synthesis of polypeptide(s) with a molecular weight of 13 ,800, very close to that of the authentic R17 coat protein.
In this paper, we demonstrate that, in the absence ofRR factor, translation is reinitiated "in phase" immediately after the amber codon without formylmethionine, resulting in synthesis of this coat-protein-like product (CPP). The implication of this finding is discussed in connection with possible ribosome movement from one cistron to the next in translation of bacterial polycistronic mRNA.
MATERIALS AND METHODS
In Vitro Translation System. All in vitro translations were carried out in a reconstituted system of Escherichia coli cell extract from which RR factor had been removed as described (7, 9) . Where indicated, 6 .0 ,ug of electrophoretically homogeneous RR factor purified from the ribosomal wash (9) was added per 70 ,u1 ofreaction mixture. For the peptide mapping, ACi ( "'C-labeled amino acids (total, 1.9 ACi/70 pl of reaction mixture) and nonlabeled glutamine, asparagine, cysteine, and tryptophan at 0.01 mM each was added. For determination of the equence of the NH2-terminal region of the CPP, a mixture of 18 "4C-amino acids (total, 1.9 ACi/70 A.l of reaction mixture) and nonlabeled cysteine and tryptophan at 0.01 mM was used. Incubation was for 35 min at 30'C.
Peptide Mapping. In vitro products programmed by amB2
or wild-type R17 RNA were separated by NaDodSO4poly-acrylamide gel electrophoresis as described (9) . The CPPs were isolated, oxidized with performic acid (10) , and digested by trypsin (Calbiochem, TPCK-treated) and then by chymotrypsin (Worthington, crystallized three times). Thin-layer electrophoresis at pH 3.5, chromatography, and subsequent autoradiography were performed as described (9) . NH2-Terminal Analysis by the Fluorodinitrobenzene Method. The CPP containing "4C-labeled amino acids was treated with fluorodinitrobenzene (11) and hydrolyzed in 5.7 M HCl. Dinitrophenyl (DNP) amino acids were then isolated and separated by two-dimensional chromatography on a cellulose thinlayer plate (11, 12) . After separation, the region of each DNPamino acid was scraped offand the radioactivity was determined. Amino Acid Sequence Determination by the Edman Degradation. For the Edman degradation, 150 Ag of RNase A as a carrier and 20 A1 of phenylisothiocyanate were added to the 200-A1 sample containing "4C-labeled CPP. Subsequent steps were carried out as described (13, 14) . Phenylthiohydantoin (>PhNCS) amino acids were finally separated by two-dimensional chromatography as described (15) . The position of each standard >PhNCS amino acid marker was detected under a UV lamp, and the radioactive spot was identified by superimposing the autoradiogram on the chromatogram. RESULTS Peptide Mapping of CPP. When amB2 R17 RNA was translated to an in vitro system lacking RR factor, a significant amount ofpolypeptides with molecular weights ofabout 13,800 was synthesized (9) . Two-dimensional peptide mapping analysis ( Fig. 1) revealed that the CPP polypeptides had all the methionyl peptides found in the digest of the normal coat protein except for the peptides 1 and 2; these were present in much smaller amounts in the CPP polypeptides. Because polypeptides 1 and 2 were negatively charged and totally missing from the coat protein isolated from the R17 virion (Fig. 2) , they must have come from the NH2 terminus of the coat protein synthesized in vitro which retains formylmethionine. In agreement with the fact that the virion coat protein contains two methioAbbreviations: RR factor, ribosome-releasing factor; CCP, coat-proteinlike product; DNP, dinitrophenyl; >PhNCS, phenylthiohydantoin.
The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 "Reinitiated" Polypeptide. The polypeptide Cd containing"'Clabeled amino acids was purified by NaDodSO4polyacryla-mide gel electrophoresis and subjected to Edman degradation. In parallel, coat protein synthesized under the direction ofwildtype R17 RNA and polypeptides with a molecular weight of 13,800 produced in the absence of mRNA were also subjected to the first cycle of the Edman degradation. The NH2 termini ofall three samples consisted oftwo major amino acids, leucine and phenylalanine (Fig. 3) . However, the intensity of phenylalanine was much higher in the CPP than in the two controls, suggesting that the NH2 terminus of the CPP is phenylalanine. The presence of >PhNCS phenylalanine and >PhNCS leucine in the product made in the absence of mRNA is due to the "soluble" amino acid incorporation system (refs. 20-22; for review, see ref. 23 ). This system has been known to transfer leucine, phenylalanine, or tryptophan from the cognate aminoacyl tRNA to the NH2 termini of certain acceptor proteins. In Fig.  3 , most of the coat protein synthesized under the direction of wild-type R17 RNA has blocked NH2 termini, presumably with tor-free translation system containing "C-labeled amino acid mixture and isolated by NaDodSO4/polyacrylamide gel electrophoresis. Only the first cycle of the Edman degradation-was carried out and the resulting >PhNCS amino acids were separated by two-dimensional chromatography on a polyamide sheet together with >PhNCS amino acid standards as internal markers. The markers were located under the UV lamp (Right), and the NH2 termini of the products were detected by autoradiography (7- DNP amino acids derived from CPP containing "'C-labeled amino acids were separated by two-dimensional thin-layer chromatography. The spot corresponding to each DNP amino acid was scraped from the thin-layer plate and the radioactivity was determined by assay for 10 min in scintillation fluid. The background radioactivity (15 cpm the formyl group. Prolonged autoradiography revealed alanine instead ofmethionine as a minor-NH2 terminus, which suggests that the NH2-terminal methionine was immediately cleaved off once it was deformylated. Because the Edman analysis often fails to detect serine and threonine, a similar analysis was carried out by the fluorodinitrobenzene method ( Table 2 ). The results confirmed the conclusion of the Edman analysis.
Further Edman analysis was carried out only with the CPP up to the fourth residue from the NH2 terminus (Fig. 4) Biochemis": Ryoji et 
product programmed by wild-type R17 RNA, we concluded that it was not produced by proteolytic degradation of the complete coat protein.
In order to rule out further the possibility that polypeptide Cd may be produced by degradation of complete coat protein, we carried out an experiment to detect degradation. In this experiment, [35S]methionine incorporation programmed by amB2 R17 RNA was interrupted by the addition of chloramphenicol, and decrease of radioactivity in the CPP was monitored. As seen in the autoradiogram, the decrease was not detected during 20-min incubation after the chloramphenicol addition (Fig. 5) . It should be pointed out that coat protein synthesized in vitro has two internal methionines and one formylmethionine. Therefore, if the degradation took place in the NH2-terminal region, resulting in the removal of the first seven amino acids including formylmethionine, nearly 30% of the radioactivity in the band of CPP should have been lost after the addition of chloramphenicol.
DISCUSSION
In the absence of RR factor, a CPP of R17 phage was synthesized without suppressor tRNA under the direction of RNA of a mutant R17 phage carrying an amber mutation at codon 7 of the coat cistron. The data presented in this paper have established that this CPP shares most of the coat protein sequence except for the missing first seven amino acids fMet-Ala-Ser-AsnPhe-Thr-Gln. Very little protein having the entire coat protein sequence (except for the amino acid substitution at codon 7) was found. Our interpretation of this observation is that, in the absence ofRR factor, the ribosome that has released the NH2-terminal hexapeptide at the amber codon is able to "reinitiate" translation immediately after the amber codon. This reinitiation is thus performed by the same ribosomes that have completed the translation of the hexapeptide.
This hypothesis is based on three observations. First, the (Fig. 5) .
The findings described in this paper provide a good basis for understanding of the reinitiation of protein synthesis distal to the site of nonsense mutation as shown with T4 rUB (27) , E . coli trpD (28) , Salmonella typhimurium trpB (29) , and E. coli lad and lacZ (30) (31) (32) (33) (34, 35) . It has been suggested that ribosomes can glide on the intercistronic region ofmRNA to the next initiation codon without polypeptide synthesis ("phaseless" and "sterile" travel) (4, (36) (37) (38) (39) (40) (41) (42) (43) (44) (1981) 5977 unique to eukaryotes and does not apply to this discussion (46) (47) (48) .
Kinetic studies by Zalkin et al (49) indicated that the translation of trp operon is carried out by ribosomes independently bound to each cistron. Grubman and Nakada (50) demonstrated that the ribosome that has translated the coat cistron of MS2 phage does not translate further the distal replicase gene at a detectable level. These results, together with our present findings regarding the function of RR factor, strongly suggest that ribosomes are released from mRNA at each termination codon in the polycistronic mRNA to ensure proper translation of the next cistron.
